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ABSTRACT 
.. 
Four government funded p a r a l l e l  research and develop- 
ment p r o j e c t s  a re  examined t o  determine t h e  manner i n  which 
engineers and s c i e n t i s t s  a l l o c a t e  t h e i r  t i m e ,  and t h e  e f -  
f e c t  of t h i s  a l l o c a t i o n  on t h e  outcome of t h e  p r o j e c t s .  
The use o f  matched p a i r s  o f  p r o j e c t s  a l l o w s  t h e  r e l a t i v e  , 
e v a l u a t i o n  of  outcomes by t e c h n i c a l  moni tors  i n  t h e  cus- 
tomer agencies. 
The percent of t o t a l  t i m e  spent i n  t h r e e  ca tegor ies  
of in format ion ga the r ing  ( o u t s i d e  consu l ta t i on ,  s t a f f  
consu l ta t i on ,  and l i t e r a t u r e  search) v a r i e s  s i g n i f i -  
c a n t l y  over t h e  l i f e  of a p r o j e c t .  Higher r a t e d  teams 
a r e  r e l a t i v e l y  s t a b l e  i n  a l l  phases o f  i n fo rma t ion  gather-  
i n g  w h i l e  lower r a t e d  teams i n i t i a l l y  spend f a r  more t i m e  
ga the r ing  in format ion than they  do i n  t h e  l a t e r  stages 
and f l u c t u a t e  more throughout t h e  p r o j e c t .  Subsystems 
character ized by g r e a t e r  u n c e r t a i n t y  rece ive  a h ighe r  
percent  o f  i n fo rma t ion  gather ing t i m e  than subsystem$ 
where uncerta i n t y  i s I ower . 
I NTRODUCT I ON 
Research and development i s  a problem s o l v i n g  process depending on 
i n fo rma t ion  i npu ts  from t h e  environment as wel l  as on t h e  s to red  know- 
ledge and t h e  a b i l i t y  o f  t h e  personnel invo lved.  Improvement i n  t h e  
f l o w  o f  s c i e n t i f i c  i n fo rma t ion  i s  an important goal o f  R h D manage- 
ment, bu t  i s  dependent upon a thorough understanding o f  t h e  process 
i t s e l f .  The research repor ted here i s  concerned w i t h  t h e  manner i n  
which i n d i v i d u a l  engineers and s c i e n t i s t s  a l l o c a t e  t h e i r  t ime  among 
t h r e e  general i n fo rma t ion  channels ( l i t e r a t u r e ;  personnel o u t s i d e  t h e  
laboratory ;  and personnel w i t h i n  t h e  lab) ,  and examines poss ib le  e f f e c t s  
t h i s  a l l o c a t i o n  may have on t h e  conduct and performance o f  t h e  R and D 
p r o j e c t  on which they a r e  working. 
To a s s i s t  i n  o b t a i n i n g  a performance eva lua t i on  for  each informa- 
t i o n  channel, instances were sought i n  which t h e  same problem i s  a t -  
tempted by two or more research groups. I n  t h i s  way, a comparison 
I 
can be made between the  in format ion sources leading t o  s p e c i f i c  solu- 
t i o n s .  The f a i r l y  common p r a c t i c e  o f  t h e  Department o f  Defense and 
t h e  N . A . S . A .  t o  award p a r a l l e l  study c o n t r a c t s  d u r i n g  t h e  e a r l y  phases 
o f  R & D prov ides an oppor tun i t y  f o r  c o n t r o l  over t h e  e f f e c t  o f  v a r i a -  
t i o n s  i n  t h e  problem substance. The data presented a r e  from f o u r  para- 
l l e l  c o n t r a c t s  i n v o l v i n g  e i g h t  R h D groups. 
I 
The idea o f  s tudy ing  p a r a l l e l  R 4, D p r o j e c t s  as a quasi-experimental 
s i t u a t i o n  was suggested by Donald Marquis, who a l s o  helped i n  developing 
some o f  t h e  research procedures, 
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The major hypotheses o f  t h i s  study concern t h e  v a r i a t i o n  i n  t i m e  
a l l o c a t e d  among t h e  t h r e e  in format ion channels over t h e  course o f  an 
R h D p r o j e c t .  S p e c i f i c a l l y ,  it i s  hypothesized t h a t :  
I .  L i t e r a t u r e  w i l l  be used more h e a v i l y  a t  
p r o j e c t  and w i l l  be replaced by personne 
t o r y  ( p r i n c i p a l l y  vendors) as t h e  predom 
source as t h e  p r o j e c t  progresses. 
he i n i t i a t i o n  
o u t s i d e  t h e  
nant in format  
2. Sources w i t h i n  t h e  lab w i l l  be reso r ted  t o  in term 
over t h e  course o f  a p r o j e c t .  
t t e n t  
o f  a 
abora- 
on 
3. Teams conduct ing an extensive i n fo rma t ion  search a t  t h e  
n i n g  of a p r o j e c t  perform b e t t e r .  
Y 
beg i n- 
4. Subsystems w i t h  a h i g h  degree o f  u n c e r t a i n t y  ( u n c e r t a i n t y  i s  
o p e r a t i o n a l l y  de f i ned )  rece ive  g rea te r  a t t e n t i o n  i n  terms o f  
t ime  spent on informat ion ga the r ing  than do those which a r e  
bow i n uncer ta i n t y  . 
METHOD 
Once a p a r a l l e l  p r o j e c t  has been located, i t s  work statement i s  ob- 
t a i n e d  and analyzed and factored i n t o  a reasonable number o f  subproblem 
areas (general l y  subsystems). The breakdown i s  then checked w i t h  t h e  
t e c h n i c a l  person who prepared the work statement, and data c o l l e c t i o n  
forms based upon it a r e  designed. A f t e r  a l l  data have been c o l l e c t e d  
from t h e  con t rac to rs ,  t h e  technica l  moni tor  i s  r e v i s i t e d  and asked t o  
p r o v i d e  a c o n f i d e n t i a l  eva luat ion of each l a b ' s  performance. Data a r e  
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gathered by f o u r  means: ( I )  time a l l o c a t i o n  forms, i n d i c a t i n g  t h e  
amount o f  t i m e  each engineer spends on t h e  job i n  several  a c t i v i t y  
categor ies;  ( 2 )  before and a f t e r  i n te rv iews  w i t h  t h e  i n d i v i d u a l  en- 
gineers;  ( 3 )  p e r i o d i c  tape recorded progress r e p o r t s  by t h e  p r o j e c t  
manager; and ( 4 )  s o l u t i o n  development records.  
Time a l l o c a t i o n  forms supported by data from S o l u t i o n  Development 
Records a r e  t h e  p r i n c i p a l  source of t h e  da ta  here under cons ide ra t i on .  
An example o f  t h e  t i m e  a l l o c a t i o n  forms used i s  presented i n  Appendix 
A. Respondents a r e  asked simply t o  record t h e  breakdown o f  each day 's  
a c t i v i t y  among f o u r  categor ies:  t i m e  spent i n  l - i $e ra tu re  search; , t ime 
spent i n  c o n s u l t a t i o n  w i t h  techn ica l  exper ts  w i t h i n  t h e  laboratory ,  
b u t  n o t  assigned t o  t h e  p ro jec t ;  t i m e  spent i n  c o n s u l t i n g  w i t h  exper t s  
o u t s i d e  t h e  laboratory ;  and t ime spent i n  a n a l y t i c  design. The Solu- 
t i o n  Development Record provides a means of f o l l o w i n g  t h e  progress o f  
an R b D p r o j e c t  through i t s  subsystem design changes, and has been 
descr i bed i n  deta i I e I sewhere (A I I en, 1965). 
D e s c r i p t i o n  of t h e  P r o j e c t s  
The f o u r  p r o j e c t s  under considerat ion invo lved t h e  f o l l o w i n g  general 
prob I ems: 
I .  The design of t h e  r e f l e c t o r  p o r t i o n  of a r a t h e r  l a rge  and h i g h l y  
complex antenna system f o r  t m c k i n g  and communication w i t h  space 
v e h i c l e s  a t  very  great d is tances.  
The design o f  a veh ic le  and associated i ns t rumen ta t i on  t o  roam 2. 
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t h e  lunar  sur face and gather d e s c r i p t i v e  s c i e n t i f i c  data. 
The study of p o s s i b l e  mission p r o f i l e s  f o r  manned f l i g h t s  t o  
another p I anet. 
3. 
4. The development of a d e t a i l e d  mathematical cos t  model y i e l d i n g  
complete R and D and operat ional  program c o s t  est imates of 
space launch v e h i c l e  systems. 
U n i t  of Ana lys i s  
Man-hours devoted t o  an in format ion channel i s  t h e  u n i t  o f  ana- 
l y s i s  employed. ( c f .  Menzel, 1960). Since engineer ing man-hours ex- 
pended i s  q u i t e  c l o s e l y  c o r r e l a t e d  w i t h  cost  on p r o j e c t s  such as these, 
t h i s  choice o f  u n i t  prov ides a measure n o t  o n l y  o f  t h e  r e l a t i v e  e x t e n t  
t o  which channels a r e  used, but a l s o  of a major p o r t i o n  o f  t h e  r e l a t i v e  
expense involved i n  such use. 
Data Ana lys i s  
I n  comparing t i m e  a l l o c a t e d  t o  i n fo rma t ion  channels across pro- 
j e c t s ,  t h e  v a r i a b l e s  i n  question a r e  represented as percentages of 
t o t a l  t ime. Th is  serves several purposes. F i r s t  of a l l ,  t h e  p r o j e c t s  
a r e  of v a r y i n g  s i z e  and us ing  ac tua l  hours t o  represent  t h e  v a r i a b l e s  
would g i v e  undue weight t o  the l a r g e r  p r o j e c t s .  Secondly, percentage 
rep resen ta t i on  overcomes t h e  problem o f  incomplete data i n  any s e c t i o n  
of a p r o j e c t .  F i n a l l y ,  t h e  to l ta l  number of engineers r e p o r t i n g  v a r i e s  
2 
2 
Due t o  occasi-onal f a i l u r e  of engineers t o  ma in ta in  t h e i r  t ime  a l -  
l oca t  i on f orms. 
- 5  
Percentages f o r  
t h e  t o t a l  t ime  spent 
t h e  t o t a l  t ime  repor  
t h e  var iance due t o  
from team t o  team w i t h  i n  p ro jec ts ;  and percentage rep resen ta t  ion a1 lows 
i n t r a p r o j e c t  comparison. 
any g iven t ime p e r i o d  o f  a p r o j e c t  a r e  t h e  r a t i o  o f  
by a l l  i n d i v i d u a l s  on t h e  v a r i a b l e  i n  quest ion t o  
ed by a l l  i n d i v i d u a l s .  Since t h i s  method ignores 
n d i v i d u a l s  taken separately,  a l l  percentages de r i ved  
n d i -  for t h e  e n t i r e  p r o j e c t  were recomputed on an i n d i v i d u a l  bas 
v i d u a l  percentages were then averaged, and r e s u l t s  compared 
aggregate f i g u r e s .  Although t h i s  method g ives undue weight 
duals  who worked o n l y  a small p a r t  of t h e i r  t i m e  on 
does p rov ide  a check of t h e  t o t a l  percentage analys 
i n o r d i n a t e  weight g iven t o  pa r t - t ime  p a r t i c i p a n t s ,  
s .  The 
w i t h  t h e  
t o  i n d i v  - 
t h e  p r o j e c t ,  it 
s .  Because o f  t h e  
n d i v i d u a l  percen- 
tage  t reatment  i s  used o n l y  as a check and mentioned o n l y  when r e s u l t s  
d i f f e r  from those o f  t h e  t o t a l  percentage method. 
Two-sample "t" t e s t s  a r e  used t o  t e s t  f o r  d i f f e r e n c e s  i n  t h e  per- 
centage means. Because of t h e  small  sample s i z e s  employed ( f o u r  or 
e i g h t )  and because o f  t h e  exp lo ra to ry  na tu re  o f  t h e  study 0.10 i s  
used as t h e  c u t - o f f  s i g n i f i c a n c e  leve l  on a t w o - t a i l e d  t e s t .  
R e l a t i o n s  Between Performance and Time A l l o c a t i o n  
Higher  and lower r a t e d  p r o j e c t  teams a r e  determined on t h e  bas i s  o f  
t h e  government t e c h n i c a l  moni tors '  performance r a t i n g s .  The percent o f  
t i m e  spent i n  t o t a l  i n fo rma t ion  gather ing,  and i n  l i t e r a t u r e  search, out -  
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s i d e  c o n s u l t a t  
for  t h e  h ighe r  
on t h e  average 
on, s t a f f  c tmsu l ta t i on ,  and a n a l y t i c  design a r e  averaged 
and lower r a t e d  teams. The r e s u l t s  i n  Table I show t h a t  
h ighe r  and lower r a t e d  teams spend approximately t h e  
same percent  o f  t i m e  i n  eacK of  t h e  f 
- TABLE 
ve areas. 
Time A l l o c a t i o n  - y  Funct ion 
(Four Para1 le1 R b D P r o j e c t s )  
Higher Lower 
Rated Rated 
A I  I infnrrnxt inn na+hor inn IZ 864 IZ 474 I d . VVF s " Y  u I I I I .  I "I I s m u  1 . V U .  y' 1 l , " ,  
I i t e r a t u r e  search 5.02 
o u t s i d e  c o n s u l t a t i o n  5.09 
3.77 s t a f f  c o n s u l t a t i o n  
- _  _ _  . . .  . . 
1 4 .  T d I y  
5.32 
5.32 
2.00 
- .  . -  
a n a l y t i c  design 77.90 71 .40 
o t h e r  8.24 15.71 
N e c e s s i t y  o f  Ana lys i s  Over Time 
F i g u r e  I shows t h a t  t h e  t ime spent i n  ga the r ing  i n fo rma t ion  v a r i e s  
cons ide rab ly  over a p r o j e c t ' s  l i f e  [F(5,136) = 3.32; ~ ( 0 . 0 3  and t h e  com- 
ponents t h a t  make up t h e  t o t a l  t i m e  spent g a t h e r i n g  i n fo rma t ion  vary i n  a 
somewhat d i f f e r e n t  manner, a l though t h e  i n t e r a c t i o n  term i s  n o t  s t a t i s t i -  
c a l l y  s i g n i f i c a n t .  Informat ion g a t h e r i n g  i s  g r e a t e s t  i n  t h e  i n i t i a l  t i m e  
p e r i o d .  L i t e r a t u r e  search and o u t s i d e  c o n s u l t i n g  make up t h e  l a r g e s t  com- 
ponent i n  t h i s  s ta te ,  co r robo ra t i ng  t h e  general b e l i e f  t h a t  i n i t i a l l y  on 
a new p r o j e c t  engineers conduct an ex tens i ve  l i t e r a t u r e  search and seek o u t  
I ’ o u t s i d e  sources 
t e c h  
s t a f f  
o u t s  i de 
sources 
-----_-_ 
os sources 
tech  
s t a f f  
o u t s i d e  
o u t s  i de sources 
---_ c - -_ -------- 
--- -- - -- 
I i t e r a -  I i t e r a -  sources _ _ _ _ _ _  - _ _  
t u r e  _ _  _____ .  I it. 
I+. 
1 /6 I / 3  I /2 2/3 5 / 6  
F r a c t i o n  of P r o j e c t  D u r a t i o n  
F i g u r e  1 .  Percent  of t o t a l  t i m e  which i s  spent i n  
p r o j e c t  I i f e span 
g a t h e r i n g  i n fo rma t ion  as a f u n c t i o n  of 
(averaged f o r  f o u r  matched p a i r s  of 
R b D p r o j e c t s )  
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p o s s i b l e  s u p p l i e r s  f o r  ideas as w e l l  as components. 
While l i t e r a t u r e  search i s  t h e  pr imary i n fo rma t ion  ga the r ing  t o o l  
i n  t h e  i n i t i a l  stages, it qu ick l y  decreases as t h e  p r o j e c t s  progress 
and i s  replaced i n  importance by person-to-person communications. Out- 
s i d e  c o n s u l t i n g  i s  r e l a t i v e l y  high i n i t i a l l y ,  bu t  g e n e r a l l y  speaking i s  
an important f a c t o r  i n  a l l  phases o f  t h e  p r o j e c t s .  S t a f f  c o n s u l t a t i o n  
i s  t h e  dominant a c t i v i t y  i n  on ly  one phase of t h e  p r o j e c t s ,  near t h e  end. 
Performance Re la t i ons  Over Time 
T o t a l  I n fo rma t ion  Gatherinq. When t h e  teams a r e  again d i v i d e d  on 
t h e  bas i s  o f  h igh  and low performance, it i s  apparent (F igu re  2) t h a t  
poor performers spend more t i m e  i n  t h e  i n i t i a l  stage o f  a p r o j e c t  than 
h ighe r  r a t e d  teams, b u t  less t ime i n  t h e  f i n a l  stage. The r e s u l t s  
a r e  e x a c t l y  counter  t o  hypothesis 3 (page 2 ) .  I t  was p r e d i c f e d  t h a t  
those teams which conduct an extensive i n fo rma t ion  search a t  t h e  ou t -  
s e t  o f  a p r o j e c t  would perform b e t t e r  as a r e s u l t .  The r e s u l t s ,  how- 
ever, lead t o  t h e  conclus ion t h a t  t h e  teams per forming t h e  more ex- 
3 
t e n s i v e  i n fo rma t ion  search were l ess  we l l  prepared a t  t h e  ou tse t ,  per-  
haps through lack o f  experience or f a i l u r e  t o  b r i n g  themselves up t o  
an adequate s t a t e  
t h e  more in tense 
compensate f o r  t h  
r a t e d  teams spend 
o f  knowledge p r i o r  t o  c o n t r a c t  i n i t i a t i o n ,  and t h a t  
n format ion gather ing i n  t h e  i n i t i a l  p e r i o d  f a i l s  t o  
s de f i c iency .  As t h e  p r o j e c t  progresses, t h e  h ighe r  
an almost constant leve l  o f  e f f o r t  i n  ga the r ing  informa- 
3 
When computed on an i n d i v i d u a l  basis, t h e  r e s u l t  is i n  t h e  same 
d i r e c t i o n  b u t  i s  n o t  s i g n i f i c a n t .  Th i s  i s  t h e  o n l y  case where a r e s u l t  
obta ined by t h e  t o t a l  percentage method was n o t  supported by t h e  i n d i v i -  
dual percentage method. 
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F r a c t  i on of P r o j e c t  Durat ion 
Figure 2. Comparison of percent  t i m e  spent by h i g h e r  
and lower r a t e d  p r o j e c t  teams i n  in format ion  
gathering 
t i o n ,  and end w i t h  a surge i n  the  f i n a l  p e r i o d .  The lower ra ted  teams, 
on t h e  o t h e r  hand, tape r  o f f  markedly a f t e r  t h e  i n i t i a l  p e r i o d  and per-  
form h a r d l y  any i n fo rma t ion  ga ther ing  i n  t h e  f i n a l  pe r iod .  The d i f -  
ference i n  t h e  f i n a l  p e r i o d  may we l l  r e f l e c t  t h e  e f f e c t s  of prematcre 
c l o s u r e  on t h e  p a r t  of t h e  poorer performers.  
were s t u d i e s  r a t h e r  than hardware developinents, i t  may we l l  be benef i -  
c i a l ,  i n  such cases, t o  remain r e c e p t i v e  t o  new ideas r i g h t  up t o  -the 
t i m e  when t h e  study r e p o r t  i s  de i i ve red  t o  t h e  customer. The b e t t c r  
per fo rming  teams apparent ly  behaved i n  t h i s  rianner, a c t u a l l y  devo! i n g  
an increased amount of t i m e  t o  i n fo rma t ion  gather i r ,g  i n  t h e  f i n a !  qer-  
iod .  
S ince  a l l  o f  t h e  p r o j e c t s  
Out$ ide  Sources. H ishe r  r a t e d  teams z r e  f a r  more cons is ten t  over 
t i m e  than  lower r a t e d  teams i n  t h e i r  use o f  i n fo rma t ion  sources ou t -  
s i d e  t h e  l abo ra to ry .  The h igher  ra ted  t e a n s  seem t o  s tay  c lose r  t o  t h e  
i dea I of b r  i ng i ng ou ts  i d e r s  "on board ' eer ! y and ma i n t a  i n i n3 c ose con- 
t a c t  throughout t 4 e  p r a j e c t ' s  l i f e ,  no j u s t  when d i f f i c u i t i e s  arisi.. 
I n  t h i s  way both p a r t i e s  a r e  k p t  shff c i e n t l v  aware of progress made 
by + h e  o the r ,  and such d i f f i c u l t i e s  as i n t e r f a c e  incompat ib i  l i t y  a r e  
reduced. The lower r a t e d  teams, on I-he o t h e r  hand, do no t  ma in ta in  c ! c x e  
I i a i s o n  w i t h  t h e  e x t e r n a l  sources, and p e r i o d i c  s p u r t s  of heavy communi- 
c a t i o n  f a i l  t o  compensate for t h e  lack of a cont inuous r e l a t i o n s h i p .  
Technical  S t a f f .  Although t h e  t i m e  spent w i t h  t h i s  channel i s  t h e  
sma l les t  repo r ted  (2.0% for l os ing  teams and 3.8% f o r  h ighe r  r a t e d  teams), 
i t  i s  a very  important source of -technical i n fo rma t ion .  S t a f f  s p e c i a l i s t s  
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a r e  o f t e n  c a l l e d  upon t o  so l ve  c r i t i c a l  problems beyond t h e  capa- 
b i l i t y  o f  team members. Again t h e  t i m e  p a t t e r n  f o l l o w s  t h a t  estab- 
l i s h e d  f o r  ou ts ide  sources -- consistency over  t i m e  by t h e  h ighe r  
r a t e d  teams and f l u c t u a t i o n  by t h e  lower ra ted  teams. Higher ra ted  
teams spend s i g n i f i c a n t l y  more t i m e  on ly  i n  t h e  l a s t  stage of pro- 
j e c t s  (F igure  4 ) .  
L i t e r a t u r e  Search. Although t h e  d i f f e r e n c e s  between h ighe r  and 
lower ra ted  teams a re  no t  s i g n i f i c a n t ,  t h e  general p a t t e r n  i s  s imi-  
l a r  t o  t h a t  f o r  t h e  o the r  in fo rmat ion  channels. Higher r a t e d  teams 
remain f a i r  y steady and lower r a t e d  teams f l u c t u a t e .  The lower r a t e d  
teams, howe e r ,  a r e  n o t  q u i t e  as e r r a t i c  as i n  o t h e r  i n fo rma t ion  a c t i -  
v i t i e s ,  showing ins tead a r a t h e r  steady d e c l i n e  as t h e  p r o j e c t  pro- 
gresses (F igure  5 ) .  
Uncer ta in  Subsystems 
When t h e r e  i s  g rea t  unce r ta in t y  about t h e  outcome o f  t h e  s o l u t i o n  
approaches under cons idera t ion ,  engineers w i l l  e i t h e r  seek o u t  new ap- 
proaches or t r y  o reduce t h e  u n c e r t a i n t y  i n  t h e  o l d  ones through a t -  
ta inment  of grea e r  knowledge. I n  e i t h e r  case in fo rma t ion  i s  gathered 
t o  a i d  t h e i r  dec s ion .  
charac ter  i zed by h i gh unce r ta in t y  wou I d requ i r e  more in fo rmat ion  gather-  
i ng  than those i n  which unce r ta in t y  i s  low, 
There fo re , i t  was hypothesized t h a t  subsystems 
To t e s t  t h i s ,  i t  i s  f i r s t  necessary t o  d e f i n e  and measure u n c e r t a i n t y .  
A t  l e a s t  two es t imates  of unce r ta in t y  a r e  a v a i l a b l e  from t h e  data.  From 
t h e  S o l u t i o n  Development Record, t h e  average weekly va lue  fo r  l i p  can be 
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4 
determined f o r  each subsystem. A l a rge  va lue of Ap should i n d i c a t e  h igh  
u n c e r t a i n t y  bu t  i n  some cases several a l t e r n a t i v e s  a r e  c a r r i e d  a t  a 
low level  throughout most of the p r o j e c t  w i t h  none ach iev ing  c l e a r  
dominance; i n  such cases Ap can be very small  and y e t  t h e  u n c e r t a i n t y  
i s  obv ious l y  h igh.  A more r e l i a b l e  and s e n s i t i v e  measure appears t o  
be t h e  number of weeks t h e  winning a l t e r n a t i v e  ma in ta ins  a p r o b a b i l i t y  
less than 0.7 on t h e  S o l u t i o n  Development Record. I f  t h e  winning 
a l t e r n a t i v e  i s  repor ted a t  a p r o b a b i l i t y  o f  0.7 o r  h ighe r  throughout 
most of t h e  p r o j e c t ,  t h e  subsystem i s  one w i t h  a r e l a t i v e l y  h igh  de- 
gree o f  c e r t a i n t y .  
ceeds 0.7 f o r  o n l y  a small  p o r t i o n  of t h e  p r o j e c t ,  t h i s  would i n d i c a t e  
u n c e r t a i n t y  r e l a t i v e  t o  t h e  design of t h e  subsystem. 
Conversely, i f  t h e  p r o b a b i l i t y  o f  acceptance ex- 
Uncer ta in  subsystems a r e  thus def ined i n  t h e  f o l l o w i n g  two ways: 
Those whose f i n a l  s o l u t i o n  maintained a 0.7 o r  h ighe r  probabi-  ( I )  
I i t y  f o r  a number of weeks which was less than m e  averaya ;UI +F,G i ;x-  
t h e  
P r-0 
I YS 
and 
j e c t .  (2)  Those w i t h  a weekly Ap g rea te r  than t h e  average f o r  
o c t  . 
The two operat ions research p r o j e c t s  a r e  omi t ted  from t h i s  
s because i n  these instances subsystems a r e  n o t  c l e a r l y  def 
r e l a t i v e  u n c e r t a i n t y  i s  t h e r e f o r e  impossible t o  determine. 
ana- 
ned, 
I n  each 
4 
Engineers p rov ide  a weekly est imate,  on t h e  S o l u t i o n  Development 
Records, of t h e  s u b j e c t i v e  p r o b a b i l i t y  t h a t  each a l t e r n a t i v e  considered 
as a p o s s i b l e  s o l u t i o n  w i l l  i n  f a c t  be f i n a l l y  chosen as t h e  s o l u t i o n .  
The measureAp i s  t h e  t o t a l  change i n  p r o b a b i l i t y  l e v e l  f o r  a l l  a l t e r -  
n a t i v e s  i n  a given subproblem (A l l en ,  1965). 
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o f  t h e  o t h e r  two p r o j e c t s ,  i t  i s  p o s s i b l e  t o  i d e n t i f y  twenty-one 
i n d i v i d u a l  subsystem designs. There i s  some over lap among i n d i v i -  
duals  i n  t h e i r  r e s p o n s i b i l i t y  f o r  subsystems; i n  these cases assign- 
ment i s  made e q u a l l y  t o  each. This  i s  a conservat ive procedure which 
r e s u l t s  i n  a general weakening of  c o r r e l a t i o n s  f o r  t h e  subsystems 
a f f e c t e d  . 
With these l i m i t a t i o n s  noted, t h e  percent o f  i n fo rma t ion  ga the r ing  
devoted t o  each subsystem i s  compared w i t h  t h e  p r o j e c t  average. F i g u r e  
6 shows t h e  r e s u l t s  o f  F i s h e r  exact probabi I i t y  t e s t s  (S iegel ,  1956) 
o f  t h e  hypothesis f o r  each o f  t he  d e f i n i t i o n s  o f  an unce r ta in  subsystem. 
These r e s u l t s  i n d i c a t e  t h a t  t h e  engineers working on problems of 
h i g h e r  u n c e r t a i n t y  do a l l o c a t e  more t ime  t o  i n fo rma t ion  ga the r ing  than 
on problems of lower unce r ta in t y .  Th i s  f a c t  should be recognized, 
and specia l  p r o v i s i o n  made t o  supply those engineers who a r e  working 
on subsystems which a re  r e l a t i v e l y  complex or are  pushing t h e  s ta te -  
o f - t h e - a r t  w i t h  t h e  necessary t e c h n i c a l  i n fo rma t ion  f o r  t h e i r  work. 
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High IO 5 
Percent of 
T o t a l  Time 
Spent i n  
I nformat ion Low 
Gather ing 
I 4 
C e r t a i n t y  based upon number of weeks i n  which f i n a l  s o l u t i o n  
exceeded 0.7 p r o b a b i l i t y  o f  acceptance.* 
p r o b a b i l i t y  o f  
occurrence under 
t h e  n u l l  hypothe- 
s i s  = 0.097 
I I  
I 
*N reduced by one as a r e s u l t  o f  d i s c a r d i n g  one subsystem 
which f e l l  on t h e  median o f  t h e  u n c e r t a i n t y  measure. 
5 
4 
C e r t a i n t y  based upon weekly p r o b a b i l i t y  change. 
unce r ta in  c e r t a  i n  
subsystems su bsv stems 
High 
Percent  o f  
T o t a l  Time 
Spent i n  
I nformat ion  
Gather i ng Low 
1 I I 
probabi  I i t y  o f  
occurrence under 
t h e  n u l l  hypothe- 
s i s  = 0.082 
F i g u r e  6. P r o p o r t i o n  of t ime devoted t o  i n fo rma t ion  ga the r ing  as 
a f u n c t i o n  of subsystem c e r t a i n t y  (21 RAD subsystems). 
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CONCLUSIONS 
Four p a i r s  of government funded para1 le1 research and development 
p r o j e c t s  a r e  examined t o  determine how t h e i r  engineers and s c i e n t i s t s  
a l l o c a t e  t h e i r  t ime, and t h e  e f f e c t  of t h i s  a l l o c a t i o n  on t h e  outcome 
of t h e  p r o j e c t s .  The use of matched p a i r s  of p r o j e c t s  a l l ows  t h e  r e l a -  
t i v e  eva lua t i on  of outcomes by techn ica l  mon i to rs  i n  t h e  customer agencies.  
Three r e l a t i o n s h i p s  a re  inves t iga ted :  t h e  percent  t ime  spent i n  
t h r e e  in fo rmat ion  ga the r ing  a c t i v i t i e s  as a f u n c t i o n  of t h e  phase o f  
t h e  p r o j e c t ;  t h e  r e l a t i o n  o f  t ime a l l o c a t i o n  p a t t e r n s  t o  performance; 
and t h e  c o r r e l a t i o n  between degree o f  unce r ta in t y  i n  a subsystem and 
t h e  amount o f  in fo rmat ion  ga ther ing  devoted t o  t h a t  subsystem. 
The percent  of t o t a l  t i m e  spent i n  a l l  phases o f  i n fo rma t ion  
ga the r ing  v a r i e s  s i g n i f i c a n t l y  over  t h e  d u r a t i o n  of p r o j e c t s .  When t h e  
a c t i v i t i e s  a r e  measured over t ime,a c l e a r  r e l a t i o n  w i t h  performance 
emerges. Higher  r a t e d  teams are more cons is ten t  over  t h e  d u r a t i o n  
of t h e  p r o j e c t s  i n  a l l  phases o f  i n fo rma t ion  gather ing,  w h i l e  lower 
ra ted  teams i n i t i a l l y  spend more t i m e  ga the r ing  in fo rmat ion  than they 
do i n  t h e  l a t e r  stages and f l u c t u a t e  more throughout .  L i t e r a t u r e  search 
by lower ra ted  teams i s  regu la r  i n  i t s  d e c l i n i n g  use from t h e  beginning 
t o  t h e  end of p r o j e c t s ,  These r e s u l t s  h o l d  f o r  two methods of computing 
percent  t ime  spent i n  any a c t i v i t y .  
The t i m e  of  R d, D engineers i s  a most va luab le  commodity. Much of 
t h i s  t i m e  i s  spent i n  seeking and ga the r ing  needed t e c h n i c a l  in fo rmat ion .  
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C e r t a i n  procedures should be designed t o  increase t h e  e f f i c i e n c y  of t h i s  
search i n  a l  I instances, bu t  where a choice must be made, s teps should 
be f i r s t  taken i n  areas where the  problem i s  most c r i t i c a l .  The present  
research i nd i ca tes  t h a t  one mechanism f o r  de termin ing  such c r i t i c a l i t y  
i s  an est imate o f  t h e  r e l a t i v e  unce r ta in t y  o f  s o l u t i o n  of each subproblem. 
Since more unce r ta in  subproblems a r e  i n  g r e a t e r  need o f  t echn ica l  informa- 
t i o n ,  t h e  engineers assigned t o  such subproblems should be prov ided spe- 
c i a l  ass is tance i n  ga ther ing  needed in fo rmat ion .  
I -  
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APPEND I X 
Time Allocation Forms are specially designed time sheets which 
permit the engineer to indicate the manner in which he divides his 
time among four modes of information gathering and processing activity. 
. -  
i .  . - 
. -  
MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Time A I  locat ion Form 
Name Date 
A n a l y t i c  Design 
L i t e r a t u r e  Search 
Consultat ion with Spec- 
i a l i s t s  w i t h i n  t h e  Cun- 
pany (but  not  on t h e  
research team) 
I 
Consultat ion with Experts 
outs ide  o f  t h e  Company 
(pa id  or unpaid, formal 
or  informal)  
T o t a l  t ime on t h e  
Prob I em 
Thurs. 
- 
Sat .  
- 
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